Bromide and thiocyanate have been shown to be effective inhibitors of the chlorination process leading to chlortetracycline formation by certain strains of Streptomyces aureofaciens Duggar (Gourevitch et al., 1955; Doerschuk, et at., 1956) . Sekizawa (1955) reported thiourea, 2-thiouracil, 2-mercaptobenzothiazole, and thioglycolic-f3-aminonaphthalide (thionalide) to inhibit chlorination by this organism leading to the production of tetracycline rather than chlortetracyline. The present paper summarizes the work in our laboratories on the effectiveness of a number of compounds, some of which have antithyroid activity (Astwood et al., 1945) as chlorination inhibitors in an S. aureofaciens chlortetracycline synthesizing system.'
MATERIALS AND METHODS
Strain and media. S. aureofaciens strain BC-41 (Doersehuk et al., 1956 ) was used. Spores taken from solid media were inoculated into a medium consisting of (per L): sucrose, 30 g; corn steep liquor, 20 g; CaCO3, 7 g; (NH4)2SO4, 2 g; dispensed in 100-ml amounts in a 500-ml Erlenmeyer flask. Vegetative inoculum was used at the rate of 4 per cent (v/v) to inoculate 25 ml in 250-ml Erlenmeyer flasks of the following medium (per L): starch, 55 g; corn steep liquor, 25 g; CaCO3, 9 g; (NH4)2SO4, 5 g; NH4Cl, 1.5 g; FeSO4-7H20, 0.060 g; MnSO4 4H20, 0.050 g; ZnSO4-7H20, 0.100 g. Lard oil was added individually to the flasks at the rate of 20 ml per L. The various compounds tested were all added to the medium before sterilization.
Incubation conditions. Both inoculum and fermentation media were incubated on a rotary shaker (185 rpm, 2 inch throw) at 26.5 C. The I After this paper was submitted for publication, a paper by J. Lein, L. F. Sawmiller, and L.
C. Cheney, dealing with some similar compounds as chlorination inhibitors appeared in Applied Microbiology, 7, 149-151, 1959. inoculum was incubated for 24 hr before use. The fermentation media were incubated for 96 hr before being assayed for antibiotic content.
Analytical methods. Fermentation broths were assayed for chlortetracycline by the fluorometric method of Feldman et al., (1957) and for tetracycline by a modification of the method of Hiscox (1951) .
RESULTS
Under the conditions outlined above, strain BC-41 is capable of a total tetracyclines potency of 5000 to 6000 ,ug per ml containing 90 to 95 per cent chlortetracycline and 5 to 10 per cent tetracycline. Since the studies were carried out over an extended period of time with inherent variations in the control potencies, the data are presented in terms of the percentage of tetracycline in the total tetracyclines formed when the inhibitor was added to the medium. Each compound was tested at several levels. However, only the optimum level based on the highest percentage of tetracycline and lowest toxicity to the organism is given in the tables. Many of the compounds reduced the total potencies obtained. This reduction is expressed as a toxicity index:
Total potency in control Total potency with chlorination inhibitor One hundred and fifty compounds were tested. These included thiadiazoles, oxadiazoles, triazoles, pyradazines, thiopyrimadines, thiazines, thiadiazines, trithiocyanuric acid derivatives, benzothiazoles, benzimidazoles, benzoxazoles, thioureas, thioncarbamates, dithiocarbamates, and a number of miscellaneous 5-membered heterocyclic compounds. Active compounds were found in each of these classes except the thioncarbamates. The tetracycline level in many instances was over 90 per cent of the total tetracyclines with relatively little toxicity to the organism. Of the 150 compounds tested, 52 were inactive, although, in most instances, the inactive compounds exhibited a close structural similarity to active compounds. In table 1 are shown those compounds which induced S. aureofaciens to synthesize 50 per cent or more of its antibiotic potential in the form of tetracycline.
Three of the most potent inhibitors found were 2, 5-dimercapto-1 , 3,4-thiadiazole, 2-phenyl-5- In figure 1 there is presented an experiment where CuS04 was added at 48 hr to a system containing dimercaptothiadiazole and the fermentation was continued to 120 hr. It will be seen that up until 48 hr the system synthesizes predominantly tetracycline. As The action of an inhibitor in reversing the chlortetracycline pathway is very rapid. A normal chlortetracycline fermentation was allowed to progress to 48 hr, after which 7.5 ppm of furyl-mercapto-oxadiazole were added and the antibiotic contents were assayed at that time and at 2-hr intervals thereafter. The results are shown in figure 2. As soon as the inhibitor is added, the biosynthetic pathway is reversed. Similar results are obtained when inhibitor is added to a 72-hrold fermentation.
The action of these inhibitors is not reversed by adding excess chloride to the medium either with strain BC-41 or with strain S-1055 (Doerschuk et al., 1956 ). Thus the mechanism by which this inhibitor acts is not competitive inhibition as is the case with bromide and thiocyanate (Doerschuk et al., 1956 ).
DISCUSSION
It has been suggested that thiourea, 2-thiouracil, 2-mercaptobenzothiazole, and thionalide act as chlorination inhibitors through their effect on a copper containing oxidase (Sekizawa, 1955) . It is of interest to note that potato tyrosinase, a copper containing enzyme, is inhibited by 2-mercaptobenzothiazole (Miyaki and Enomoto, 1957) . Our data tend in part to support the hypothesis of copper oxidase involvement in chlorination since three of the strongest inhibitors found were reversed to a greater or lesser degree by copper. However, from our data it would appear that copper oxidase inhibition may not be the sole mechanism by which the inhibitors act. First, there is the ability of Ag to reverse the inhibitors to some extent. Secondly, although furyl-mercapto-oxadiazole and phenylmercapto-oxadiazole inhibited chlorination at much lower levels (5 to 10 ppm) than did dimercaptothiadiazole (50 ppm), the latter was much more sensitive to reversal by copper. Permeability factors may be involved in that the first two compounds may enter the cell more readily or may be more tightly bound by the enzyme systems and are thus more refractory to copper reversal than is the latter compound. The speed with which copper reverses the action of an inhibitor (figure 1) and the continued predominant tetracycline synthesis by washed inhibitor grown cells imply that the action of the inhibitors is intracellular.
Simple stoichiometry between free SH groups and the amount of Cut+ required for reversal (eight times an equivalent amount in the case of dimercaptothiadiazole) would rule out coprecipitation or chelation of Cu+ by the inhibitor at the time of medium preparation. If direct copper chelation were involved one would expect that any number of copper chelating agents would be equally effective. A number of such materials was tested and found to be entirely ineffective in our system. These materials included benzidine, dimethylaniline, dimethylacetone carboxylate, p-hydroxypropiophenone, 2,3-dimercapto-1-propanol, thiosalicylic acid, salicylaldoxime, dimethylglyoxime, butyraldehyde oxime, isobutyraldehyde oxime, nitroso-2-naphthol, as well as thioglycolic-f-aminonaphthalide (thionalide) found effective by Sekizawa (1955) .
The parallels between chlorination inhibitors and antithyroid agents are very close. The structural requirements in each case are similar. Astwood et al. (1945) suggested that the structural unit essential to activity is a =N-C-X group I i S where X is an N, 0, or S atom. It will be noted that for effective chlorination inhibition the structural requirements are not quite so strict in that some effective inhibitors have no free mercapto group. In the case of heterocyclic compounds, they do contain sulfur at least in the ring or the side chain. The requirements can be illustrated as shown in generic formula 1.
Where X is 0, N, S, and Y is =S, SH, SCH2 C6H5, SO2 CH2C6H5, SCH3, SO2 CH3, BR, NH2.
Acyclic inhibitors all appear to follow the structural requirement outlined by Astwood et al. (1945) . Although structural requirements appear to be similar, the most effective antithyroid agents such as propylthiouracil, or 1-methyl-2-mercaptoimidazole are not particularly effective chlorination inhibitors, whereas very effective chlorination inhibitors such as dimercaptothiadiazole or mercaptobenzothiazole are not particularly effective antithyroid agents.
Aside from structural similarity there appears to be a similarity in mechanism of action between antithyroid agents and chlorination inhibitors. In both cases competitive inhibitors exist. Thiocyanate and perchlorate prevent thyroidal accumulation of iodine rather than its organic incorporation (Wyngaarden et al., 1950) . Similarly, thiocyanate and bromide are competitive chlorination inhibitors which can be reversed by excess chloride (Doerschuk et al., 1956; Gourevitch et al., 1955) . On the other hand, thiouracil and 1-methyl-2-mercaptoimidazole have an action against oxidases (Fraser et al., 1955) which appears to be paralleled by the action of compounds, found effective in this investigation, that are not reversible by excess chloride but do appear to be at least partially susceptible to reversal by copper. SUMMARY A variety of compounds both cyclic and acyclic have been found to possess activity as chlorination inhibitors for Streptomyces aureofaciens in that they block the normal chlortetracycline pathway in favor of the tetracycline pathway of biosynthesis. A number of these compounds are effective at from 5 to 50 ppm without exhibiting excessive toxicity to the overall antibiotic potential of the system. A number of parallels exist between the action of these inhibitors and the action of antithyroid agents.
